Summary
Levels of sodium, potassium, calcium, and phosphate were examined in rats fed on an adenine diet. -dihydroxyadenine was seen until the 12th day of the feeding period.
Furthermore, the results of the present study showed that feeding of adenine to rats produced a significant increase in the urine volume.
However, there were no appreciable changes in the water intake of the dihydroxyadenine is much less soluble in water and is nephrotoxic due to intratubular precipitation. On the other hand, it has recently been shown by us that animals given large oral doses of adenine have renal damage attributable to 2 , 8 dihydroxyadenine. That is, the intake of adenine exhibits an extraordinary increase of creatinine, urea nitrogen, and urea in the serum as well as a reduction in their urine excretion (7) (8) (9) (10) (11) . The administered adenine also caused certain abnormalities in the blood amino acid pattern. In particular, regarding the concentration of urea cycle intermediates, arginine concentration was significantly increased , whereas the amount of ornithine was significantly decreased in the adenine-fed rats compared with the control animals (12) . In addition, adenine administered orally caused a hyperammonemia (12) . Further investigation showed that intake of adenine in creased to an extraordinary extent the levels of guanidinosuccinic acid and methyl guanidine, the latter being a prime candidate for the role of a uremic toxin (12) . Macroscopically, the kidneys were markedly enlarged with a pale grey col our. Deposits of an amorphous birefringent crystal (2, 8-dihydroxyademine) with the formation of foreign body granuloma were demonstrated in the tubular lumina and the interstitium of the kidney, and also in the urinary bladder and urine (9-11, 13, 14) . From these results, disturbance of renal function induced from tu bular obstruction by deposits of this adenine metabolite was thought to explain several biochemical features. From this point of view, we examined the influence of dietary adenine on sodium, potassium, calcium, and phosphate in the serum and urine. This report also describes the changes in water intake, urine volume, and 2, 8-dihydroxyadenine content occurring during the feeding of an adenine diet .
MATERIALS AND METHODS
Animals and diet. Male rats of the JCL: Wistar strain (Hokuriku Labour, Ltd ., Toyama, Japan), initially weighing 90-100g, were used in this experiment . The animals were fed on commercial feeds (CLEA Japan Inc., Tokyo, type CE-2) for 4 5 days after arrival. They were then divided into 2 groups and fed ad libitum on a control or adenine diet for 6 to 30 days. The control diet had the following composition (in 100g): casein 18g, a-cornstarch 57.9g, sucrose 15g, soybean oil 2g , salt mixture (15) 4g, vitamin mixture (15) 1g, cellulose powder 2g, and choline chloride 0.1g. To this control diet, adenine was added at 0.75g/100g of diet. The body weight, food intake, and water intake of each rat were recorded every day . During the experimental period, urine was collected daily in a 50ml Erlenmeyer flask. On the 6th, 12th, 18th, 24th, and 30th day of the experimental diet, rats were sacrificed by cutting the carotid artery and the blood was collected for de termination of electrolytes and aldosterone. The serum was separated by centri fugation immediately after collecting the blood.
Determination of electrolytes. Sodium and potassium were determined with an electrolyte measurement apparatus (AHS/Japan Corporation) based on the ion electrode method. Calcium was determined by using a commercial reagent ("Calcium C-Test Wako" obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan) based on the orthocresol-phthalein complex compound method (16) . Inorganic phosphate was determined by using a commercial reagent ("Phosphor B Test Wako" obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan) based on the molybdenum blue method (17) .
Determination of aldosterone. Serum aldosterone concentration was deter mined by the radioimmunoassay method (Otsuka Pharmaceutical Co., Tokushima, Japan).
Extraction of 2, 8-dihydroxyadenine. The extraction of 2, 8-dihydroxyadenine deposits was performed according to the method of Bendich et al. (18) . The preparation had UV, IR (KBr), and mass (m/z: 167(M+, C5H5N5O2) spectra similar to those of 2, 8-dihydroxyadenine reported previously (11) .
Statistics. The significance of differences between the control and adenine-fed groups was tested with Student's t-test.
RESULTS AND DISCUSSION
The feeding of an adenine diet showed a decrease of body weight until the 6th day. However, the rats on this diet remained overtly healthy and active. Indeed, when continuing on an adenine diet, they evinced an active appetite and rapidly recovered lost weight. The food intake of the adenine group was almost pro portional to weight change and was about 20% less in the adenine-fed group as compared with the control group throughout the experimental period.
The changes in water intake and urine volume during the experimental period are summarized in Table 1 . In the control group, there were no remarkable changes in urine volume throughout the experimental period. The animals that continued on the adenine diet showed a significant increase in urine volume. As shown in Table 1 , feeding of adenine to rats at 17.6 ml/day at the 0-6th day, was increased to 27.6ml/day at the 18-24th day and around 26.1ml/day thereafter. The urine volume was about 1.4-2.2 times higher in the adenine group as compared with the control group throughout the experimental period. On the contrary, there were no appreciable changes in the water intake of the control and adenine-fed groups throughout the feeding of adenine. In general, it is apparent that a polyuric state reflects a decrease in the renal tubular reabsorption of water that may or may not be appropriate for the individual's water intake. This may result not only from a decrease in reabsorption of water per se but may also be secondary to a reduction in the renal tubular reabsorption of solute (e.g., urea, glucose, electrolytes et al.) (19) . However, previous data from our laboratory showed that intake of adenine caused a significant decrease of urea, creatinine, and uric acid excretion in the urine (7) (8) (9) (10) (11) . Additionally, the urinary specific gravity had been shown to decrease to an extraordinary extent on adenine feeding (9) . Thus, it has been assumed that dietary adenine may influence mainly the ability to reabsorb free water. This decrease in the reabsorption of free water can either be the result of a low circulation or absent levels of antidiuretic hormone (ADH), referred to as vasopressin-deficient diabetes insipidus, or a defect in the concentrating segment which does not respond to ADH and is termed vasopressin-resistant or nephrogenic diabetes insipidus (19) . Therefore, further information concerning the impaired reabsorption of free water will be needed to be elucidated the etiology of renal damage. A greater influence on the electrolytes was observed in rats fed on an adenine diet. Table 2 shows the comparison of electrolyte levels in the sera of rats fed on control and adenine diets. The serum sodium concentration was maintained within a relatively narrow range. The concentration of sodium may be reflected in the amounts of both sodium and water in the extracellular fluid compartment, and changes in the serum sodium concentration do not necessarily indicate comparable changes in the total body sodium content (20) . Before discussing the cause associated with changes in sodium concentration, it is appropriate to review the mechanism responsible for the regulation of sodium and water balances. On the contrary, dietary adenine significantly decreased the level of serum potassium from 6.08mM/liter at the 6th day to 5.23mM/liter at the 30th day ( Table 2 ). The reduction of potassium levels was calculated to be 76% as compared with the control diet at the 30th day. In addition, a decrease was observed in the level of serum calcium when feeding an adenine diet. As shown in Table 2 , the calcium level was 8.7mg/dl at the 18th day, which decreased up to 4.0mg/dl on the average at the 30th day. However, feeding rats on an adenine diet brought about an increase in the serum phosphate levels. Though a significant decrease in phosphate was noticed in the adenine-fed rats which were kept for 6 to 12 days, the level of phosphate was increased by 24-56% in the 18-30th day period as compared with the control group ( Table 2) . By far the most common cause of hyperphosphatemia is a decrease in urinary phosphate excretion secondary to renal failure. However, hyperphospha temia can be the consequence of an increased intake of phosphorus or increased en try of phosphate into the extracellular fluid resulting from tissue breakdown (20) . Further studies will be needed for the elucidation of the causes of hyper phosphatemia when feeding with an adenine diet. On the other hand, it is generally accepted that the level of serum phosphate may affect the metabolism of vitamin D; vitamin D is first metabolized by the liver into 25-hydroxycholecalciferol and then by the kidney to its active metabolite, 1, 25-dihydroxycholecalciferol. Hyperphos phatemia may produce a fall in ionized calcium not only by precipitation of this ion but also by impairing the absorption of calcium from the intestine by decreasing the formation of 1, 25-dihydroxycholecalciferol. Skeletal resistance to the action of Vol. 30, No. 3, 1984 parathyroid hormone (PTH) also may be a consequence of the decreased produc tion of 1, 25-dihydroxycholecalciferol (21) . Considering these observations, feed ing rats on an adenine diet may cause anomalies such as osteodystrophy, hor monal alteration, etc. which have been implicated in the pathogenesis of renal failure. Furthermore, it was clear in this experiment that the urinary excretion of electrolytes caused a response of different types according to the feeding period . The amount of sodium, potassium, calcium, and phosphate excretion in the urine is shown in Fig. 1 . In control rats, the urinary level of sodium was too low to be quantified. The adenine-fed rats, nevertheless, had a sodium level of 1.2mM/day at the 6th day of the feeding period. The animals that continued on the adenine diet showed a significant rise in the urinary excretion of sodium during the test period . Though multiple factors have been found to modify urinary sodium excretion , it is well known that aldosterone exerts a powerful influence on the concentration of sodium, i.e., aldosterone secretion decreases urinary sodium excretion by increasing sodium reabsorption in the distal convoluted tubule (20) . Thus , it would be interesting to determine the level of aldosterone in the serum. As would be predicted, feeding rats on an adenine diet resulted in a decrease of aldosterone in the serum. The level was about 9-20% lower at the 12 and 24th days in the adenine-fed group as compared with the control group. In particular, the serum level of aldosterone at the 12th day was significantly reduced (Table 3) .
Adenine also showed an extraordinary increase in urinary potassium levels as shown in Fig. 1 . In addition, the feeding of adenine diet caused an increase of calcium excretion until the 12th day, followed by a gradual decrease from the 12 to 30th day. On the contrary, the amount of urinary phosphate was about 16-28% lower in the 6-30th day period in rats fed on an adenine diet than in those fed on a control diet. Although renal histological changes were characterized by de generation of tubular epithelia with dilatation of the tubular lumina, deposits of amorphous birefringent crystals in the proximal and distal tubuli, and the for mation of foreign body granuloma (9-11, 13, 14) , the present data appeared to suggest that the study of rats fed on an adenine diet may lead to certain additional information on the process of impairment of renal function.
Another important observation was that feeding rats on an adenine diet caused a significant increase in renal 2, 8-dihydroxyadenine during the test period. As shown in Fig. 2 , the 2, 8-dihydroxyadenine content in the kidneys increased to an extraordinary extent from 190mg/kidneys at the 6th day to 890mg/kidneys at the 30th day, while the 2, 8-dihydroxyadenine content in rats fed on a control diet was not detectable. In addition, the animals that continued on the adenine diet showed a significant increase in the urinary excretion of 2, 8-dihydroxyadenine until the 12th day. However, in the rats which were kept for 24 to 30 days there was a reduction to the minimal level (Fig. 3) . These data, in addition to our previous work concerning the biological and histopathological findings (9) (10) (11) (12) (13) (14) , have confirmed that anomalies such as impairment of renal functions and disturbance may be mainly caused by tubular obstruction by 2, 8-dihydroxyadenine deposits. Accordingly, these studies suggest that adenine-fed rats can be used for the investigation of alterations in metabolic functions associated with uremia. Although adenine metabolism in experimental animals is not completely understood, Ho et al. (22) have described the absorption and metabolism of orally administered purines. Adenine was incorporated into tissues to a greater extent than was guanine, hypoxanthine, or xanthine in both fed and fasted rats . Orally administered, radioisotope-labeled adenine was mostly excreted as allantoin . These observations suggest that once phosphorylated , adenine is readily converted to uric acid like other purines. This information may also explain the possibility of adenine-induced hyperuricemia. On the other hand, our experimental results have shown that adenine given orally in large doses causes renal damage attributable to 2, 8-dihydroxyadenine which is considered to be a minor metabolic product in the breakdown of adenine. This would account in part for the alterations in metabolic and morphological changes associated with chronic renal disease . Of the several criteria for detecting metabolic effects of dietary adenine , the 2, 8-dihydroxyadenine content of the kidneys was the most sensitive. Measurable changes in renal 2 , 8 -dihydroxyadenine were evident at a level of 0.1% dietary adenine and these changes were probably the primary factor affecting renal function. To evaluate the relevance of our findings to foods ordinarily consumed in the human diet , the adenine presented in the foods should be measured, especially as regards an appropriate dosage to control 2, 8-dihydroxyadenine deposition in the kidneys . Clifford and Story (23) have reported that among common food items , lentil and organ meat (liver) generally have a rather high level of adenine while sardine and anchovy, although containing rather high levels of total purines and RNA , have a very low level of adenine. These results provide a useful guide to the analysis of adenine in foods.
